ABSTRACT The attributes of broiler breeder males characterized by sperm mobility phenotype were studied in replicate experiments. Low and high phenotypes were observed in the first experiment over a 10-wk interval. Average straight line velocity differed between phenotypes (P ≤ 0.05) as evidenced by computer-assisted sperm motion analysis. The second experiment compared low and high phenotypes from the same broiler breeder strain over a 29-wk interval. Body weight and fertility were measured in this experiment. Body weight data approximated parallel lines. The low phenotype averaged 227 g more than the high phenotype over the course of the experiment. Individual males were used as semen donors
INTRODUCTION
Sperm mobility is a quantitative trait affecting male reproductive fitness in chickens (Froman et al., 1997 (Froman et al., , 2002 Froman and Feltmann, 1998; Birkhead et al., 1999) . Sperm mobility is quantified by the extent to which sperm penetrate an Accudenz solution at body temperature (Froman and McLean, 1996) . Three important observations have been made in previous research regarding sperm mobility phenotype. First, sperm mobility phenotype was independent of age in New Hampshire roosters (Froman et al., 1997; Froman and Feltmann, 1998) . Second, sperm mobility phenotype can be explained in terms of the concentration of motile sperm and the straight line velocity of individual sperm cells (Froman and Feltmann, 2000; Froman et al., 2003) . Third, sperm mobility phenotype is related to mitochondrial function and mitochondrial DNA in New Hampshire lines selected for low and high sperm mobility (Froman, unpublished data) . Froman et al. (1999) demonstrated that the fertility of male broiler breeders is a function of sperm mobility 
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at 50, 54, 58, 62, and 65 wk of age. Eggs were collected for 2 wk after a single insemination at each age. Mean overall fertility (±SEM) was 44 ± 4 and 69 ± 2% for low and high sperm mobility phenotypes, respectively (P ≤ 0.0001). As determined by transmission electron microscopy, the percentage of sperm with aberrant mitochondria was greater for the low sperm mobility phenotype (P ≤ 0.0001). Neither blood plasma testosterone concentration nor testis weight differed between phenotypes. Sperm mobility is a biologically significant predictor of broiler breeder semen quality. The relationship between sperm mobility phenotype and body weight warrants further investigation. phenotype. However, relationships between sperm mobility phenotype and other male attributes were not evaluated in this preliminary experiment. Primary breeders of meat-type chickens select males mainly for growth and feed conversion. Negative genetic correlations have been observed between growth and reproduction using conventional measurements of male reproductive potential such as semen volume, sperm concentration, and sperm motility (Siegel, 1963; Soller et al., 1965; Siegel and Dunnington, 1985) . Therefore, the objectives of the present work were to determine if low and high sperm mobility phenotypes were distinct through time and compare reproductive attributes between phenotypes.
MATERIALS AND METHODS

Experiment 1
Males were reared and photostimulated according to a breeder guideline. At 29 wk of age (WOA), roosters (n = 126) were placed in individual cages measuring 61 cm × 46 cm × 60 cm (length × width × height). Each cage contained a perch and nipple drinker. The flock was maintained within a temperature-controlled poultry house Abbreviation Key: MOTC = motile concentration; VSL = straight line velocity; WOA = weeks of age. equipped with evaporative cooling and a forced-air furnace, provided 16 h of light daily, and fed a standard breeder diet that met or exceeded NRC requirements for broiler breeder males (Bowling, 2003) . Roosters were ejaculated by massage technique (Burrows and Quinn, 1937) twice weekly from 29 to 32 WOA.
Duplicate sperm mobility measurements were made per male when the flock was 31 WOA. Males were ranked by average sperm mobility score. Any male whose score was less than or greater than a standard deviation from the population mean was categorized as a low or high sperm mobility phenotype, respectively. Sperm mobility was measured weekly over 10 wk beginning at 33 WOA (n = 9 males per phenotype). Computer-assisted sperm motion analysis was performed at 37 WOA (Froman and Feltmann, 2000) . Data were analyzed by single classification ANOVA (Sokal and Rohlf, 1981a) . Mobility data conformed to linear functions. Therefore, the parameters of y(x) = α + β(x) were estimated by linear regression (Sokal and Rohlf, 1981b) .
Experiment 2
A second flock of broiler breeder males representing the same strain was reared as above. At 20 WOA, roosters (n = 209) were caged. Sperm mobility phenotype was determined, and experimental birds were selected as above. Thereafter, sperm mobility was measured weekly from 35 to 47 WOA and every other week from 49 through 65 WOA (n = 20 males per phenotype). Body weight was measured according to the same schedule. Data points conformed to linear functions for sperm mobility and BW. Therefore, the parameters of y(x) = α + β(x) were estimated by linear regression (Sokal and Rohlf, 1981b) .
Representative males (n = 10 per phenotype) were used at 50, 54, 58, 62, and 65 WOA as semen donors for artificial insemination. Sperm concentration was determined according to Froman and Feltmann (1998) . Each ejaculate was diluted to 1.5 × 10 9 sperm/mL with Poultry Buffer.
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Approximately 13 Single Comb White Leghorn hens were inseminated per male on each occasion. Each hen was inseminated with 75 × 10 6 spermatozoa in a 50-µL volume. Eggs were collected daily from 2 to 14 d postinsemination. Eggs were stored at 18°C and 75% relative humidity for up to 6 d prior to incubation. Eggs were set weekly and candled at d 12 of incubation. Eggs without viable embryos were broken open to determine whether the egg contained an early dead embryo or an unfertilized oocyte. Fertility data were analyzed with a log-odds model (Kirby and Froman, 1990) .
Blood plasma testosterone concentration was measured when males were 53 WOA. Radioimmunoassay was performed with the TKTT2 Coat-A-Count Total Testosterone Kit, 3 as previously validated in chickens (Sexton et al., 1989 Beckman Scientific Instruments Division, Irvine, CA. FIGURE 1. Sperm mobility, measured in absorbance units, plotted as functions of time. Males were categorized with a low (ᮀ) or high (᭺) phenotype at 31 wk of age. Each symbol represents a mean ± SEM (n = 9 males per phenotype). Each data set conformed to the linear function y(x) = α + β(x). Phenotypes were distinct during the 10-wk interval. measure 125 I-labeled testosterone as counts per minute. Samples were measured in triplicate, and testosterone concentrations were estimated with a standard curve (r = 0.991). The effect of sperm mobility phenotype on blood plasma testosterone concentration was tested by single classification ANOVA (Sokal and Rohlf, 1981a) .
Sperm midpieces were evaluated by transmission electron microscopy when roosters were 65 WOA (n = 3 males per phenotype). Fixation, embedding, sectioning, and microscopy were performed as outlined in detail by Bowling (2003) . A midpiece was classified as aberrant if the mitochondria therein were swollen or contained disorganized cristae. Percentages of aberrant midpieces were trans-FIGURE 2. Sperm mobility, measured in absorbance units, plotted as functions of time. Males were categorized with a low (ᮀ) or high (᭺) phenotype prior to 35 wk of age. Each symbol represents a mean ± SEM (n = 20 males per phenotype). Each data set conformed to the linear function y(x) = α + β(x). Phenotypes were distinct through 65 wk of age. formed to logits (Kirby and Froman, 1990) prior to nested ANOVA (Sokal and Rohlf, 1981c) . Males were killed by cervical dislocation at 67 WOA. Testes were excised and weighed. Left and right testes weights were summed per male. The effect of sperm mobility phenotype on testis weight was tested by single classification ANOVA (Sokal and Rohlf, 1981a) .
RESULTS
Experiment 1
The range, mean, and standard deviation of sperm mobility scores for the base population were 0.019 to 0.674, 0.260, and 0.159 absorbance units. Thus, the CV was 61%. The high sperm mobility phenotype was independent of age (P ≥ 0.05) when subsequent repeated measurements were made (Figure 1 ). In contrast, the mobility of sperm from the low phenotype improved with age as evidenced by a positive slope (P ≤ 0.01). Nonetheless, the two phenotypes were distinct over the course of 10 wk. A phenotypic difference in average straight line velocity (VSL) was de-FIGURE 3. Body weight of low (ᮀ) and high (᭺) sperm mobility phenotypes as functions of time. Each symbol represents a mean ± SEM (n = 20 males per phenotype). Each data set conformed to the linear function y(x) = α + β(x). Whereas slopes were equivalent, y-intercepts were different (P ≤ 0.05). Therefore, the body weight of the low sperm mobility phenotype averaged approximately 0.2 kg greater than that of the high phenotype over the course of the experiment.
tected by computer-assisted sperm motion analysis (Table 1).
Experiment 2
The range, mean, and standard deviation of sperm mobility scores for the base population were 0.054 to 0.700, 0.314, and 0.134 absorbance units, respectively. The CV was 43%. As shown in Figure 2 , sperm mobility phenotypes were distinct between 35 and 65 WOA. The average BW of the low sperm mobility phenotype was greater (P ≤ 0.05) than that of the high sperm phenotype ( Figure  3 ). In contrast, the fertility of the low sperm mobility phenotype was less (P ≤ 0.0001) than that of the high phenotype ( Table 2) . Percentages of sperm with aberrant mitochondria differed between phenotypes (Table 3) . As shown in Figure 4 , affected sperm were characterized with mitochondria that were swollen and contained disorganized cristae. Neither blood plasma testosterone (Table 4) nor testis weight (Table 5 ) differed between phenotypes (P ≥ 0.05).
DISCUSSION
This research is the first comprehensive analysis of sperm mobility in commercial broiler breeders. Pre-FIGURE 4. Cross-sections of normal (a) and aberrant (b) spermatozoal mitochondria viewed with a transmission electron microscope. These sperm cells were ejaculated from a male with low sperm mobility. The aberrant mitochondria were swollen and contained disorganized cristae. Magnification = 50,000×. Any midpiece with one or more mitochondrion that was swollen or containing disorganized cristae was categorized as aberrant. Each value is a mean ± SEM.
viously, male breeder fertility was a function of sperm mobility phenotype . This experiment demonstrated the potential of the sperm mobility assay to detect males with either low or high fertility. However, the sperm mobility assay is moderately time consuming. Therefore, the sperm quality index (McDaniel et al., 1998) was tested as a rapid, alternative approach to determining sperm mobility phenotype. However, the sperm quality index did not differentiate among sperm mobility phenotypes . These collective experimental outcomes prompted three important questions. First, once a phenotypic designation is made, how reliable would this be through time? Second, could a phenotypic effect on fertility be corroborated? Third, what was the relationship between sperm mobility and traditional reproductive variables?
As evidenced by a CV of 61 and 43% in replicate experiments, sperm mobility varied considerably among males within flocks. Such variability was commensurate with that reported previously (Froman et al., 2003) . As illustrated in Figures 1 and 2 , phenotypic designations were distinct through time. Sperm mobility phenotype is a function of the product of motile concentration (MOTC) and the proportion of motile sperm with a VSL > 30 µm/s . Consequently, males with comparable MOTC will have distinct sperm mobility phenotypes if average VSL var- ies. This relationship is illustrated by the data in Table  1 . The phenotypic differences in beat cross frequency and straightness were also consistent with previous work. Both beat cross frequency and straightness are dependent on VSL (Froman and Feltmann, 2000; Froman, 2003) . In contrast, MOTC and VSL are independent variables. As evidenced by the VSL data in Table 1 and the fertility data in Table 2 , VSL is a critical variable affecting the reproductive efficiency of male broiler breeders. However, percentage of motile sperm has been used historically to evaluate semen quality. Sperm motility can be measured objectively by several means. As reviewed by Froman and McLean (1996) , these include spectrophotometry, videomicroscopy, computer-assisted sperm motion analysis, and the movement of sperm from one medium into another. As mentioned above, sperm motion can also be assessed by the sperm quality index (McDaniel et al., 1998; Parker et al., 2000 Parker et al., , 2002 . However, only the sperm mobility assay affords conditions in which the consequences of variation VSL at body temperature become manifest over time . As shown by the data in Table 3 and Figure 4 , mitochondrial structure is critical to variation in VSL observed among sperm cells within an ejaculate. This conclusion is consistent with the following observations. First, sperm motility is an Each value is a mean ± SEM of the combined weight of left and right testis at 67 wk of age.
ATP-dependent process (Wishart, 1982; Ashizawa et al., 2000) . Second, sperm mobility phenotype and sperm cell ATP content are highly correlated (Froman and Feltmann, 1998) . Third, ATP synthesis within fowl sperm depends upon oxidation of endogenous fatty acids (Froman, 2003) , which occurs within mitochondria. Sperm become motile en masse at ejaculation (Ashizawa and Sano, 1990) , presumably when oxidative metabolism increases abruptly. Thus, the data in Table 3 support the following conclusions. First, any given ejaculate contains some sperm with dysfunctional mitochondria. In the case of the high sperm mobility phenotype, onset of mitochondrial dysfunction does not occur at ejaculation. Rather, mitochondrial degeneration appears to occur while sperm are either within the seminiferous tubules of the testis or the excurrent ducts of the testis. Although this also appears to be the case for the low sperm mobility phenotype, the oxidative burst that accompanies the onset of sperm motility may exacerbate an inherent weakness and thereby increase the proportion of sperm with aberrant mitochondria in ejaculates from these males.
Genetic selection for rapid growth has had a negative impact on breeder reproductive efficiency (Siegel, 1963; Soller et al., 1965; Rappaport and Soller, 1966; Wilson et al., 1979) . Fertility and hatchability are critical components of the broiler breeder industry. Hence, a variable that predicts fertilizing potential could have major economic impact. Sperm mobility affords a means of identifying highly fertile males within a flock (Birkhead et al., 1999; Donoghue et al., 1999; Froman et al., 1999 Froman et al., , 2002 Froman et al., , 2003 and could be used as a selection criterion as well because the trait is heritable (Froman et al., 2002) . However, in view of selection for breast meat yield (Siegel, 1962) , the observation that low sperm mobility males tend to be socially dominant (Froman et al., 2002) , and the phenotypic difference in BW observed in the present work (Figure 3 ), additional work is warranted. It is unknown whether the weight difference is limited to the strain used in our experiments. Likewise, it is unknown whether such a difference would be an advantage or disadvantage without evaluating sexual behavior and performing paternity testing. Nonetheless, sperm mobility is a trait that may enhance the reproductive efficiency of broiler breeders.
